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Resumen
El objetivo de este documento es presentar un ana´lisis sobre la ocurrencia de centelleo
ionosfe´rico y sus efectos en los sistemas GNSS. Los efectos refractivos y difractivos han
sido comparados usando datos de receptores de la compan˜ı´a NovAtel, situados en altas
y bajas latitudes y siendo propiedad de la Agencia Espacial Europea. Una utilidad de
software ha sido desarrollada tambie´n por el autor para trabajar con los archivos binarios
procedentes de dichos receptores.
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Overview
The aim of this document is to present an analysis of ionospheric scintillation occurrence
and effects on GNSS systems. Refractive and diffractive effects have been compared in
low and high latitudes using data from NovAtel receivers, owned by the European Space
Agency. Also, a software utility has been developed by the author in order to work with the
binary files from the receivers.
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INTRODUCTION
The main purpose of this project is to study the ionospheric scintillation phenomenom and
how does it affect to GNSS systems.
This document is divided in three parts. The first one is an introduction to basic GNSS and
scintillation concepts that will be used later in order to help who is not familiar with these
topics. The GNSS concepts have been directly obtained from ESA GNSS data processing
book (included in the bibliography as [1]). The scintillation concepts have been collected
from some scintillation papers also included in the bibliography.
The second part presents the software utility developed by the autor of this project in order
to work with the binary files from scintillation receivers from NovAtel. This chapter explains
the motivation of this utility and the description of what is able to do, with the associated
screenshots.
Finally, the third part includes the results of the analysis performed by the author to charac-
terize scintillation as a function of different parameters such as the influence of local time,
season, geographical location or geomagnetic activity. Also, GNSS performances have
been evaluated under different scintillation scenarios.
1

CHAPTER 1. INTRODUCTION TO GNSS AND
IONOSPHERIC SCINTILLATION
1.1. GNSS basic concepts
The purpose of this chapter is to introduce some Global Navigation Satellite System basic
concepts that will be used in the next chapters. It is based on [1].
1.1.1. GPS signals
GNSS are continuously transmitting signals in L band (1-2 GHz) with 3 main components:
• Carrier. Radio frequency sinusoidal signal at a given frequency.
• Ranging code. This is also called Pseudo-Random Noise (PRN) code and is a
sequence of zeros and ones that allow the receiver to determine the travel time of
the signal from the satellite to the receiver.
• Navigation data. A binary-coded message providing information on the satellite
ephemeris, clock bias parameters, almanac, satellite health status and other com-
plementary information.
Legacy GPS signals transmit on two radio frequencies (L1 and L2), right-hand circularly
polarised and derived from a fundamental f0 = 10.23MHz, generated by onboard atomic
clocks. An additional L5 frequency has been included recently, with a new modulation type
and designed for Safety of Life (SoL) applications.
The following types of PRN codes and messages are modulated over the carriers:
• Coarse/Acquisition (C/A) or civilian code C(t): Sequence containing 1023 bits and
repeated every millisecond.
• Precision code P(t): Reserved for military use and authorised users. This sequence
is repeated every 266 days (38 weeks)
• Navigation message D(t): It is modulated at 50 bps, reporting on ephemeris and
satellite clock drifts, ionospheric model coefficients and constellation status, among
other information.
Thus, as shown in Figure 1.1, in legacy GPS we have for each i-th satellite:
sL1 = aPPi(t)Di(t)sin(ω1t+φL1)+aCCi(t)Di(t)cos(ω1t+φL1) (1.1)
sL2 = bPPi(t)Di(t)sin(ω2t+φL2) (1.2)
Table 1.1 summarizes the current GPS navigation signals (including L5 frequency).
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Figure 1.1: Legacy GPS signal structure [1]
Table 1.1: Legacy and new GPS navigation signals [1]
Link
Carrier freq.
(MHz)
PRN
code
Modulation
Type
Code rate
(Mcps)
Data rate
(bps)
Service
L1 1575.420
C/A BPSK(1) 1.023 50 Civil
P BPSK(10) 10.23 50 Military
M BOCsin(10,5) 5.115 N/A Military
L1C-I data
MBOC(6,1,1/11) 1.023
50
Civil
L1C-Q pilot -
L2 1227.600
P BPSK(10) 10.23 50 Military
L2C M
BPSK(1)
1.023
25
Civil
L -
M BOCsin(10,5) N/A Military
L5 1176.450
L5-I data
BPSK(10) 10.23
50
Civil
L5-Q pilot -
1.1.2. GNSS measurements and combinations
The basic GNSS observable is the travel time ∆T of the signal to propagate from the
Antenna Phase Centre (APC) of the satellite (the emission time) to the APC of the receiver
antenna (the reception time). This value multiplied by the speed of light gives the apparent
range R = c∆T between them, what is known as the pseudorange because it does not
match its geometric distance due to some factors. Equation 1.3 takes explicitly all these
terms, where RPf represents any GNSS code measurement at frequency f :
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RPf = ρ+ c(dtrcv−dtsat)+Tr+α f STEC+KPf ,rcv−KsatPf +MPf + εPf (1.3)
Here:
• ρ is the geometric range between the satellite and receiver APC at emission and
reception time, respectively. The APC is frequency dependent, but we neglect this
effect here for simplicity.
• dtrcv and dtsat are the receiver and satellite clock offsets from the GNSS time scale.
• Tr is the tropospheric delay, which is non-dispersive with respect to electromagnetic
waves up to 15 GHz; that is, the tropospheric effects are not frequency dependent
for GNSS signals.
• α f STEC is a frequency-dependent ionospheric delay term, where α f is the con-
version factor between the integrated electron density along the ray path, Slant To-
tal Electron Content (STEC), and the signal delay at frequency f . That is, α f =
40.3 ·1016/ f 2 m/TECU, where the frequency f is in Hz and 1 TECU = 1016e−/m2.
• KPf ,rcv and KsatPf are the receiver and satellite instrumental delays, which are depen-
dent on the code and frequency.
• MPf represents the effect of multipath, also depending on the code type and fre-
quency.
• εPf is the receiver noise
Besides the code, the carrier phase itself is also used to obtain a measure of the apparent
distance between satellite and receiver. These carrier phase measurements are more
precise than the code measurements (typically two orders of magnitude more precise),
but they are ambiguous by an unknown integer number of wavelengths (λN). Indeed, this
ambiguity changes arbitrarily every time the receiver loses the lock on the signal, producing
jumps or range discontinuities.
The carrier phase measurements (ΦL f = λL f φL f ) can be modelled as
ΦL f = ρ+ c(dtrcv−dtsat)+Tr+α f STEC+ kL f ,rcv− ksatL f +λL fNL f +λL fw+mL f + εL f
(1.4)
where this equation, besides the terms in equation 1.3, includes:
• λL fw windup due to the circular polarisation of the electromagnetic signal.
• NL f the integer ambiguity.
• kL f ,rcv and ksatL f are frequency dependent and correspond to carrier phase instru-
mental delays associated with the receiver and satellite, respectively.
• mL f and εL f are the carrier phase multipath and noise, respectively.
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Starting from the basic observables as described previously, the following combinations
can be defined (where Ri and Φi, i = 1,2, indicate measurements in the frequencies f1
and f2 and P and L are omitted for simplicity).
• Ionosphere-free combination: This removes the first-order (up to 99.9%) ionospheric
effect, which depends on the inverse square of the frequency:
ΦC =
f 21Φ1− f 22Φ2
f 21 − f 22
, RC =
f 21R1− f 22R2
f 21 − f 22
(1.5)
• Geometry-free (or ionospheric) combination: This cancels the geometric part of the
measurement, leaving all the frequency-dependent effects (i.e. ionospheric refrac-
tion, instrumental delays, wind-up). It can be used to estimate the ionospheric elec-
tron content or to detect cycle slips in the carrier phase, as well. Note the change in
the order of terms in ΦI and RI :
ΦI =Φ1−Φ2, RI = R2−R1 (1.6)
• GRAPHIC (GRoup And PHase Ionospheric-free) combination: The code and phase
measurements are combined removing the first-order ionospheric error. However, a
period of time is required for the phase ambiguity to converge. [?]
1
2
(R1+Φ1) (1.7)
See [1] for more GNSS signal combinations that are commonly used.
1.1.3. The Receiver INdependent EXchange Format (RINEX)
RINEX is a standardized format developed by the Astronomical Institute of the University
of Bern (AIUB) for the easy exchange of GPS data. It consists of 6 American Standard
Code for Information Interchange (ASCII) file types, but for the purpose of this project only
two of them are needed, the observation file and the navigation file.
Each file type consists of a header section and a data section. The header section contains
global information for the entire file and is placed at the beginning of the file. The data
section contains the following observation types defined by RINEX v2.10 (see [11]):
• L1, L2: Phase measurements on L1 and L2. The phase is the carrier-phase mea-
sured in whole cycles at both L1 and L2 frequencies.
• C1: Pseudorange using C/A-Code on L1 (meters). The pseudorange is the distance
from the receiver antenna to the satellite antenna including receiver and satellite
clock offsets (and other biases, such as atmospheric delays):
• P1, P2: Pseudorange using P-Code on L1,L2 (meters)
• D1, D2: Doppler frequency on L1 and L2 (Hz)
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• T1, T2: Transit Integrated Doppler on 150 (T1) and 400 MHz (T2) (cycles)
• S1, S2: Raw signal strengths or Signal to Noise Ratio (SNR) values as given by
the receiver for the L1,L2 phase observations (receiver-dependent units, dBHz in
Novatel GSV4004B)
RINEX Version 3 [12] was created in pursuance of more flexible and more detailed defi-
nition of the observation codes, and to improve the handling of the mixed data files (that
contain more than one satellite system).
1.2. Ionospheric Scintillation
1.2.1. Scintillation description
When Sun radiation collides with an uncharged atom (or molecule), it could split into an
ion and free electrons, that may recombine later with other ions forming neutral particles
again. This phenomenon is characteristic of the ionosphere (see [3] for further informa-
tion). Its F-layer contains the highest concentration of free electrons and ions. When it
becomes sufficiently disturbed, the amplitude and phase of radio signals can experience
rapid fluctuations due to irregularities. These fluctuations are known as scintillation.
Ionospheric scintillation affects GPS signal in two ways, refractive and diffractive. As dis-
cussed later, the intensity and type of scintillation depends mainly on the following aspects:
• Geographic location of the receiver
• Local time of observation
• Season of observation
• Magnetic activity of the Earth
• Phase of the 11-year cycle of the Sun
• Operation frequency of the signal
1.2.1.1. Scintillation indexes
In order to characterize amplitude and phase fluctuations, we define the indexes S4 and
σφ. The temporal behaviour of scintillation is represented by τI .
• Scintillation index (S4). This dimensionless index measures how does the signal
intensity change, more specifically it is the standard deviation of the expected value
of the normalized signal intensity. It depends on the signal intensity I = |z(t)|2, and
|z(t)| is the signal amplitude. <> indicates expected value of the quantity enclosed,
usually over 60 seconds. Values of S4 below 0.3 indicate low amplitude scintillation,
while values higher than 0.6 indicate intense amplitude fluctuations.
S4 =
√
< I2 >−< I >2
< I >2
(1.8)
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• Phase deviation (σφ). It represents the standard deviation of the carrier phase, in
radians. Again, values below 0.3 indicate low phase scintillation, while values higher
than 0.6 indicate intense phase fluctuations.
σφ =
√
< φ2 >−< φ>2 (1.9)
• Intensity decorrelation time (τI). This index represents the needed time to obtain
a signal correlation of 0.5. It is useful to know how fast does scintillation alter the
original signal.
< I(t) I(t+ τI)>
< I(t)>2
= 0.5 (1.10)
1.2.1.2. Refractive vs diffractive scintillation
The product of the group velocity and phase velocity of a signal equals the speed of light
squared [13]. If the density of free electrons (Total Electron Content (TEC)) increases, the
group velocity slows down and the phase velocity speeds up in order to keep the constant.
This effect produces both ranging errors and phase shifts when TEC changes. This issue
produces refractive scintillation when fast random fluctuations in the refractive index of the
medium happens.
This refractive behaviour, caused by large-scale variations in electron density, is common
at high latitudes. The phase of the signal becomes altered, and the amplitude remains
approximately invariant. Then, we find high values of σφ and low S4.
On the other hand, diffractive scintillation starts when ionospheric irregularities scatter the
signal and it arrives at the receiver from different paths. It causes the signal to interfere with
itself, reinforcing and attenuating in such a way that the average received power does not
change. While the enhancements are longer, the fades are deeper, exceeding 30 dB-Hz
and fast phase variations are produced.
The signal starts to scatter when the Fresnel length approaches approximately 400 m,
considering a distance to the perturbations of approximately 350 km. This length is given
by
√
2λd, being λ the wavelength of the signal and d the distance from the receiver to the
scattering volume.
Diffractive scintillation is harder to mitigate, and both S4 and σφ are usually high, because
it includes deep fades as well as fast phase fluctuations. It is usual at low latitudes.
1.2.2. Factors that influence scintillation activity
1.2.2.1. Geographic location
The frequency, intensity and type of ionospheric scintillation is strongly dependent on the
geographic location of the receiver. Figure 1.2 shows that the regions situated about 10-
15o North and South of the magnetic equator experience the most persistent and intense
scintillation activity. These areas are known as the equatorial anomaly region, because of
the incidence of the Appleton anomaly (see [3] for further information).
The reason why these are the most affected zones, and not the magnetic equator, is
because free electrons lift vertically and then diffuse northward and southward under the
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Figure 1.2: Scintillation map showing the frequency of disturbances at solar maximum [2]
action of Earth’s magnetic and electric fields. This action reduces the ionization directly
over the magnetic equator and increases the ionization over the anomaly regions, and is
called the fountain effect (Figure 1.3).
Figure 1.3: Schematic diagram representing the fountain effect [3]
Scintillation effects are quite different comparing high and low latitudes. At high latitudes,
we can find mostly refractive scintillation, produced by fast variations on the refractive
index as the signal passes through the ionosphere. These fluctuations affect mainly the
phase of the signal, without producing frequent carrier cycle slips. The amplitude is not
greatly affected. On the other and, low latitudes experiment intense amplitude and phase
scintillation and frequent cycle slips.
1.2.2.2. Local time
The relationship between the occurrence of ionospheric scintillation and the local time
changes at different geographic locations. Low latitude regions are mostly affected at
night, specially after sunset.
At high latitudes scintillation effects can occur also during the day, depending on geomag-
netic activity and usually in coincidence with Aurora Borealis [6].
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1.2.2.3. Season
Scintillation effects are prone to occur during the equinoxes (March and September), spe-
cially at low latitudes. In high latitudes, this dependency is negligible.
1.2.2.4. Magnetic activity
Magnetic activity of the Earth is related with the occurrence of ionospheric scintillation.
The K-index is introduced in order to show this relationship. The K-index is an integer that
measures perturbations in the horizontal component of Earth’s magnetic field. Its minimum
value is 0, representing minimum disturbances, and the maximum is 9. Values of K-index
higher than 5 represent geomagnetic storms [14].
K-index is usually calculated every 3 hours by geomagnetic observatories. The planetary
Kp index is defined as a weighted average of every K-index from the different observatories
around the Earth.
Figure 1.4 shows a correlation between the K-index and the occurrence of ionospheric
scintillation. Both measurements were taken on 15 July 2000 in Lerwick, when one of the
greatest geomagnetic storms ever recorded occurred [4]. It can be seen that high K-index
values correspond to high amplitude and fast variation of TEC residuals (ranging errors
due to TEC irregularities).
Figure 1.4: Correlation between residuals and the K index in Lerwick [4]
Reference [4] also suggests that this correlation could be useful because the K-index can
be predicted, and then it may become a warning mechanism.
1.2.2.5. Solar cycle
As said in section 1.2.1. scintillation occurs because of ionospheric irregularities caused
by solar activity. Then, it is important to take into account how does solar activity change
over the years.
It is well known that the Sun has a regular pattern of activity that shows a maximum every
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11 years, approximately. During this solar maximum, the ionosphere becomes denser and
thicker and scintillation effects increase [13].
This is called the sunspot cycle. Figure 1.5 shows the sunspot record since 1610.
Figure 1.5: Yearly averaged sunspot numbers from 1610 to 2010 [5]
1.2.2.6. Operation frequency
Fluctuations from ionospheric scintillation depend also on the carrier frequency, being
stronger on lower signal frequencies. In the case of amplitude scintillation, this depen-
dency is reduced as the scintillation becomes stronger. Some studies [15] conclude that
S4 is proportional to λ1.5 for S4 < 0.6, and the exponent decreases when S4 exceeds 0.6.
Phase scintillation shows a λ variation that does not change under most conditions [4].
1.2.3. Effects on satellite-based navigation
Fast signal fades during strong scintillation can exceed 25-30 dB. These fades often lead
to carrier loss of lock that can be considered as satellite loss, or ranging errors. The
distribution of ionospheric irregularities may not affect all satellites in the same manner, as
shown in Figure 1.6. Navigation would be unfeasible if we don’t have at least 4 well-placed
satellites not afected by these fades simultaneously. Then, having good satellite coverage
is important, so the loss of one or two satellites does not degrade (even interrupt) user
operations.
Although deep fades usually last much less than one second, the receiver needs a few
seconds to reacquire the channel. Another important effect is related with the carrier
smoothing of code pseudoranges, that reduces the code noise by using less noisy carrier
measurements. Smoothing uses the Hatch filter, implemented in aviation receivers.
This filter needs approximately 360 seconds to converge after each re-acquisition, as spec-
ified by the WAAS Minimum Operational Performance Standard (MOPS) [16]. After the
converging time, this method is able to reduce the white noise by a factor of 10 [7].
Under strong scintillation conditions, every time that the carrier lock is lost and later reac-
quired, the Hatch filter restarts with a noise maximum. If the time between deep fades is
much less than 100 seconds, the filter does not converge and then the noise will not be
reduced. This case is shown in Figure 1.7.
If we compare the different GPS signals, L2 tracking is much more vulnerable to phase
scintillation than L1 C/A because its tracking loop require a narrower bandwidth. Besides,
L2 may be less susceptible to amplitude scintillation, but weak phase scintillation is more
12 GNSS Navigation Under Ionospheric Scintillation Conditions
Figure 1.6: Schematic of the varying effects of scintillation on GNSS [6]
common than strong amplitude scintillation, and then L2 signal is lost more often than L1
[6].
L5 signal has a more robust design and more emitted power, so it will present fewer out-
ages. Furthermore, it is allocated to the Aeronautical Radionavigation Service (ARNS).
So, its implementation will allow two-frequency navigation to aviation receivers. In refrac-
tive scintillation, using two-frequency ionospheric-free combinations (equation 1.5) would
reduce the number of cycle slips and users would be able to navigate at high latitudes.
Diffractive scintillation cannot be mitigated by this method, because ionospheric-free com-
binations cannot reduce multipath effects.
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Figure 1.7: Frequent resets of Hatch filter and high code noise level during strong scintil-
lation [7]

CHAPTER 2. THE NOVPARSER UTILITY
This chapter describes the GNSS data parsing utility NovParser, developed by the author.
This software has been used to get useful data from the Novatel receiver’s binary files in
order to perform the analysis explained in the next chapters. Moreover it will be used by
ESA scientists within the framework of a project called Improved Modelling of Short and
Long Term Characteristics of Ionospheric Disturbances (SCIONAV).
2.1. Context of the utility NovParser
ESA is currently working on a project called SCIONAV [17] that is focused on ionospheric
scintillation. The researchers are using measurements from different stations of the Euro-
pean ionospheric network [8], shown in Figure 2.1.
Figure 2.1: ESA monitor stations map [8]
The receivers installed on the stations are manufactured by various companies and they
collect 1-minute ionospheric scintillation indices, RINEX files at 1 Hz and 50 Hz sampling
rate raw data. In order to process all of these data, a software capable of parsing the
binary files from the stations to standard text formats is needed.
As a part of this degree’s final project, the author has developed a parsing software for
Novatel receivers, that will be used by group of Astronomy and GEomatics (gAGE) and
ESA researchers.
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Figure 2.2: Novatel GSV4004B receiver [9]
2.2. Previous utilities provided by Novatel
Two Novatel utilities were used in the project to parse binary data from the receiver, but
they presented a number of limitations that motivated the development of NovParser.
2.2.1. ParseRaw
The ParseRaw software was provided by Novatel and it can be used to get raw data at
50 Hz. The output parameters are the TEC, the TEC derivative, the Accumulated Doppler
Range (ADR) and the signal power.
The main inconvenients of this tool are that it is only available for Windows and that only
one satellite can be selected each time. Furthermore, the user does not know which
satellites are included in the binary files, but the program asks the satellite PRN as an
input.
Figure 2.3: ParseRaw usage screenshot
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2.2.2. Convert4
Convert4 was also provided by Novatel and it converts the binary files to standard RINEX
2 [11] and RINEX 3 [12] formats. This utility is neither available for LINUX and it cannot
be used by command prompt, what difficults automating the process for long time-series
studies.
Figure 2.4: Convert4 usage screenshot
2.3. The NovParser utility
The NovParser utility has been developed by the author in order to extract the binary data
directly from the Novatel receiver and output the requested information to a human-friendly
format. It is written in C++ and can be used in command-line mode. Currently, the tool is
able to perform the following tasks:
• Read raw carrier phase measurements and raw amplitude measurements at 50 Hz
sampling rate
• Read ISMR parameters, computed by the receiver every 60 seconds.
• Generate RINEX 2 Observation files
• Generate RINEX 3 Observation files
• Depict all the log types available inside the binary file
2.3.1. Usage
Only one command is needed for each desired task. Figure 2.5 shows the supported
comands, which will be explained in this section.
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Figure 2.5: NovParser main usage screenshot
2.3.1.1. Raw option
This option permits the user get raw phase and amplitude measurements at 50Hz. The
output parameters are listed as follows and printed in Figure 2.6.
• Time Of Week (TOW) in seconds (GPS week)
• Satellite PRN number identifier (only GPS). Possible values are 1-32
• Accumulated Doppler Range (ADR) in cycles (phase measurement)
• Signal power
• TEC in TECUs
Figure 2.6: NovParser raw usage screenshot
2.3.1.2. ISMR option
Novatel scintillation monitors like GSV4004B use a 60-seconds buffer to calculate some
ISMR parameters, like S4 or sigma phi, described in section 1.2.1.1. Those computa-
tions are written in the binary file every 60 seconds and can be printed by using the ismr
command in the utility. Figure 2.7 lists all the output parameters available.
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Figure 2.7: NovParser ISMR output format screenshot
2.3.1.3. RINEX2 option (v2.10)
Figure 2.8 shows RINEX 2 output from a Novatel binary file using NovParser.
2.3.1.4. RINEX3 option (v3.00)
NovParser includes the option to print RINEX v3.00 observation files. Figure 2.9 shows an
example.
2.3.1.5. Content option
This option prints all the available log types in the binary files. It specifies the name of the
log, the message ID in order to find it in Novatel manuals and a short description.
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Figure 2.8: NovParser RINEX 2 output example
Figure 2.9: NovParser RINEX 3 output example
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Figure 2.10: NovParser Content output example

CHAPTER 3. SCINTILLATION ASSESSMENT
RESULTS
3.1. Methodology used
3.1.1. Software
The software used in order to perform the analysis of this chapter is indicated as follows:
• NovParser utility (see chapter 2) to parse the binary files from the NovAtel receivers
and get the rinex files, scintillation parameters and raw measurements.
• RNXCMP to uncompress the IGS RINEX files used in section 3.3.4.3.. RNXCMP is
the software for compression/restoration of RINEX observation files developed by Y.
Hatanaka of Geographical Survey Institute (GSI). It converts the GNSS observation
files from the RINEX format (version 2.xx or 3.xx) to a compressed format (the Com-
pactRINEX format, called the Hatanaka-compressed format) and vice versa. More
information in the official website http://terras.gsi.go.jp/ja/crx2rnx.html.
• Teqc in order to check and fix the uncompressed rinex files from RNXCMP utility.
Teqc is an utility to solve many pre-processing problems with GNSS data. More infor-
mation in the official website https://www.unavco.org/software/data-processing/
teqc/teqc.html.
• GNSS-Lab Tool suite (gLAB) has been used to process the GNSS measurements
and get the final results. gLAB is a quite flexible software tool capable of high-
accuracy positioning, and able to run under the Linux and Windows operating sys-
tems. It was developed by gAGE at Universitat Polite`cnica of Catalunya (UPC) under
an ESA Education Office contract. For further information on gLAB use and capa-
bilities, please see [18].
• GNUPLOT is the tool that has been used to plot all the graphics of this chapter.
GNUPLOT is a portable command-line driven graphing utility. More information can
be found in the official website http://www.gnuplot.info/
3.1.2. Data source
The following files have been used:
• Binary files from NovAtel receivers
• RINEX Observation files from NovParser utility
• RINEX Observation and Navigation files from IGS (only for section 3.3.4.3.)
• Precise orbit files SP3 from IGS
23
24 GNSS Navigation Under Ionospheric Scintillation Conditions
Table 3.1: Kalman Filter parameters using both phase and code measurements
Phi Q P0
Coordinates 0 108m2 108m2
Receiver Clock 0 9 ·1010m2 9 ·1010m2
Troposphere 1 10−4m2/h 0.25m2
Phase ambiguities 1 0 400m2
• Precise clock files CLK at 30 seconds rate from IGS
• ANTenna EXchange format (ANTEX) file from IGS
• IONosphere map EXchange format (IONEX) files for single frequency navigation
3.1.3. Pseudorange corrections
In order to process the measurements, the following sources of error have been corrected
using gLAB:
• Satellite clock offset
• Satellite movement during the signal travel time
• Earth rotation durnig the signal travel time
• Satellite mass centre to antenna phase centre correction
• Relativistic clock correction (orbit eccentricity)
• Tropospheric correction (simple nominal, niell mapping) for navigation using both
code and carrier measurements only
• Ionospheric IONEX correction for single frequency navigation only
• P1-C1 flexible correction
• Wind up correction
• Solid tides correction
• Relativistic path range correction
For further information on these corrections, see [1] and [18].
3.1.4. Kalman filter configuration
gLAB implements a Kalman filter in order to estimate the user position. The Kalman fil-
ter parameters used in this chapter can be found in table 3.1 for both phase and code
navigation, and in table 3.2 for only code navigation.
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Table 3.2: Kalman Filter parameters using only code measurements
Phi Q P0
Coordinates 0 108m2 108m2
Receiver Clock 0 9 ·1010m2 9 ·1010m2
The standard deviation of the carrier phase noise used for all sections is constant (not
dependent with satellite elevation) and with a value of 0.01 meters.
The influence of satellite elevation has been included in the standard deviation of the code
noise, computed using equation 3.1, where σ is the standard deviation and α is the satellite
elevation (in degrees).
σp = a+be−α/c (3.1)
The parameters a, b and c have been adjusted empirically for each receiver by adjusting
the curve to the standard deviation of the prefit code residuals (see [1] for further informa-
tion) as a function of the satellite elevation, after removing an estimate the receiver clock
by substracting the mean value of the prefit code residuals of all satellites at each epoch.
These parameters are calculated at each scenario.
3.2. Low-latitude scintillation assessment on Lima, Peru
The purpose of this section is to use the Novparser utility in order to perform an assess-
ment of the scintillation activity on Lima during 2014. It contains the most relevant statistical
plots that have been obtained from the measurements of the NovAtel 50 Hz receiver, as
well as the analysis of how diffractive scintillation affects GPS performances.
3.2.1. Influence of local time
As explained in chapter 1.2., scintillation occurrence is dependent on local time, specially
at low latitudes. Plots in this section have been computed counting all moderate and
intense scintillation events and determining their probability.
Global results for 2014 are shown in figures 3.1 and 3.2. It is clear that the time of the day
when scintillation is more likely to happen is just after sunset (approximately at 18:00 Local
Time (LT) in Lima on average).
These results show that amplitude scintillation (S4 parameter, Figure 3.1) is moderate most
of the time and occurs more often than phase scintillation (σφ parameter, Figure 3.2), which
has the same probability to be intense and moderate.
An important fact that has been detected is that the local time influence is not the same
throughout the year. The results indicate that months having high occurrence of scin-
tillation are more affected by local time. This can be seen in Figures 3.3 and 3.4, that
have been computed using data from October 2014. We can see that during this month
scintillation probabilities were high, and so the local time influence.
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On the other hand, Figures 3.5 and 3.6 show an uniform scintillation occurrence throughout
the day. They represent July data, when scintillation activity was low.
Figure 3.1: Amplitude scintillation hourly probability of occurrence, based on whole 2014’s
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
Figure 3.2: Phase scintillation hourly probability of occurrence, based on whole 2014’s
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
Figure 3.3: Amplitude scintillation hourly probability of occurrence, based on October 2014
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
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Figure 3.4: Phase scintillation hourly probability of occurrence, based on October 2014
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
Figure 3.5: Amplitude scintillation hourly probability of occurrence, based on July 2014
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
Figure 3.6: Phase scintillation hourly probability of occurrence, based on July 2014 data
(low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
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3.2.2. Influence of season
As seen in the previous section, the occurrence of scintillation differs prominently as a
function of the season. Figures 3.7 and 3.8 show two different information. The first
one is the probability of occurrence, represented with vertical bars, that show the average
probability of scintillation manifestation during each month. The second one, represented
with lines, show the standard deviation of that probability during each day on average.
A month with high standard deviation means that during that period of time, scintillation
episodes were highly variable with the local time.
As expected, scintillation activity is most usual near the equinoxes (March and September).
Figure 3.7: Amplitude scintillation monthly probability of occurrence, based on whole 2014
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
Figure 3.8: Phase scintillation monthly probability of occurrence, based on whole 2014
data (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
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3.2.3. Assessing diffractive scintillation effects on satellite-based nav-
igation performances
In order to analize how diffractive scintillation affects GNSS performances, the day that
has been studied is 25 of October 2014 and presented strong scintillation specially after
the sunset.
All the data used to conduct this study was collected by a NovAtel receiver from ESA in
Lima, Peru. All the binary files from the receiver have been parsed by the NovParser utility
developed by the author, and processed using gLAB.
The GPS performance has been analysed considering the following aspects:
• The evolution of the scintillation indexes S4 and σφ
• The positioning error in NEU coordinate system using only code measurements at
single frequency (L1)
• The positioning error in NEU coordinate system using only code measurements and
the ionosphere-free combination (L1 and L2)
• The positioning error in NEU coordinate system using both carrier and code mea-
surements at single frequency (L1)
• The positioning error in NEU coordinate system using both carrier and code mea-
surement and the ionosphere-free combination (L1 and L2)
• The occurence of cycle slips and deep fades
3.2.3.1. Scintillation indexes
Scintillation parameters S4 and σφ (defined in section 1.2.1.1.) are presented as a function
of time. Each point represents a single observation from a single satellite at the specified
time. The horizontal axis represents the second of day in Coordinated Universal Time
(UTC) time. Note that Lima, Peru is at UTC-5.
An example of strong scintillation activity can be seen in Figure 3.9. UTC hour 0 represents
19:00 LT in Lima, and the sunset was at 18:06, so some hours of intense activity should
be expected since data was collected near the equinox. The graph shows high amplitude
and phase scintillation until approximately 2:00 AM local time.
Figure 3.9 will be used as a reference in the following sections in order to know the scintil-
lation activity in a determined time.
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Figure 3.9: Scintillation indexes during high scintillation activity (25 October 2014) (low
latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
3.2.3.2. Positioning error using one frequency
Positioning error while navigating with the receiver has been studied in four different sce-
narios, as the combination of using one (L1) or two (L1 and L2) frequencies, and navigating
using code only or both code and phase measurements.
When using only L1 frequency, a ionospheric model is required. Global ionosphere maps
(GIM) 1 model from IGS has been used in this study as it is more accurate than Klobuchar.
Equation 3.2 shows the elevation-dependant pseudorange standard deviation (in meters)
used in the Kalman filter, where σ is the standard deviation and α is the satellite elevation
(in degrees). A constant carrier phase measurement standard deviation has been used
with a value of 0.01 meter.
σp = 1.5+5e−α/15 (3.2)
Figure 3.10 shows the navigation positioning error when using only code navigation and
single frequency L1 and the scintillation activity parameters. Although the positioning be-
comes noisier, the magnitude of the error has not increased, which seems to indicate that
scintillation effects are not especially relevant using only code and L1.
1IONEX files used in this study have been obtained from the official ftp server ftp://
cddis.gsfc.nasa.gov/gnss/products/ionex/
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Figure 3.10: NEU positioning error using only code navigation and single frequency L1
(25 October 2014) (top) and scintillation indexes (bottom) (low latitude), LIMA station in
Peru´ (12.089924◦, 282.961460◦)
When using phase measurements, the degradation is more intense. Figure 3.11 shows
that when amplitude scintillation is high, the positioning error increases to tens of meters,
while under low activity it is under one meter. Navigation is not accurate under these
conditions.
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Figure 3.11: NEU positioning error using both code and phase and single frequency L1
(25 October 2014) (top) and scintillation indexes (bottom) (low latitude), LIMA station in
Peru´ (12.089924◦, 282.961460◦)
3.2.3.3. Positioning error using two frequencies
If two frequencies are used, ionosphere corrections don’t need to be implemented because
two frequency (L1, L2) measurements will be combined to cancel 99% of the ionosphere
delay.
In this case, the standard deviation of the pseudorange measurement noise has been
changed by following the expression 3.3, which is a more optimistic scenario.
σp = 1.4+5e−α/2 (3.3)
Using two frequencies does not overcome scintillation problems at low latitudes because
it is due to multipath originated by diffraction rather than refraction, so correcting the iono-
spheric delay is not enough. This fact can be seen by looking at Figures 3.12 and 3.13.
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Figure 3.12: NEU positioning error using only code and two frequencies L1 and L2
ionosphere-free (25 October 2014) (top) and scintillation indexes (bottom) (low latitude),
LIMA station in Peru´ (12.089924◦, 282.961460◦)
Figure 3.13: NEU positioning error using both code and phase and two frequencies L1 and
L2 ionosphere-free combination (25 October 2014) (top) and scintillation indexes (bottom)
at low latitude, LIMA station in Peru´ (12.089924◦, 282.961460◦)
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3.2.3.4. Positioning error using GRAPHIC combination
Removing refractive scintillation effects using the ionosphere-free combination is not an
acceptable solution when having high S4, because it requires the use of the L2 signal that
is vulnerable to diffractive effects.
The author proposes the use of the GRAPHIC combination [?] in order to obtain a feasible
positioning even with strong diffractive scintillation conditions. As stated in section 1.1.2.,
this combination is able to remove the first-order ionospheric error using only one GNSS
frequency.
Figure 3.14 depicts the positioning error when using the GRAPHIC combination (only L1).
Comparing with Figure ??, the GRAPHIC combination results keeps the positioning error
below one meter, even with extreme amplitude scintillation. This is not achieved with the
ionosphere-free combination, that reached positioning error beyond 20 meters.
Figure 3.14: NEU positioning error using both code and phase and only frequency L1 and
GRAPHIC combination, LIMA station in Peru´ (12.089924◦, 282.961460◦)
3.2.3.5. Cycle slips and deep fades
Signal multipath under diffractive scintillation suppose the occurrence of deep fades when
the direct signal and the interfering signal have opposite phase and nearly equal magni-
tude. Each deep fade entails a half cycle jump. Right after, the fluctuating interfering signal
will change its phase and magnitude so another half cycle jump will occur. As a result, un-
der diffractive scintillation conditions it is usual to see full cycle jumps, also called cycle
slips.
With the presence of diffractive scintillation, cycle slips appear as discontinuities in carrier
phase tracking. This can be clearly seen in Figures 3.15 and 3.16.
Figure 3.15 shows the ionospheric combination (equation 1.6) of PRN 8 during 25 October
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2014. The first half of the plot shows the measurements from the satellite when affected by
strong scintillation (after sunset), while the second half of the plot shows the measurements
from the same satellite in the next pass again without scintillation.
Figure 3.15: L1-L2 combination during high scintillation activity (25 October 2014) (low
latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
As expected, the first half of the plot presents a large noise (not continuous), with a huge
number of cycle slips. Figure 3.16 is a zoom of the previous one in order to see the
discontinuities in a clear way.
Figure 3.16: L1-L2 combination during high scintillation activity (zoom) (25 October 2014)
(low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
Although these jumps seem random, it can be seen that most of them are approximately of
the same longitude. In order to make it clearer, an histogram has been computed in Figure
3.17 containing the number of occurrences of jumps as a function of their longitude.
It is well known that L2 signal is less robust to diffractive scintillation than L1. Assuming
that L2 carrier frequency is 1227.60 MHz, its associate wavelength is 24.4 cm. So, it is
interesting to note that most of the jumps are around 24.4 cm. This is confirmed by looking
at Figure 3.17. The highest bar contains values from 23.2 cm to 25.84 cm, including the
value 24.4cm.
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A whole cycle in L1 is 19 cm (because its frequency is 1575.42 MHz). It is in the third bar
at the left of the highest bar, coloured in red. As it is higher than the third bar at the right,
it is an indicator that there were many L1 jumps.
Figure 3.17: L1-L2 jumps histogram (25 October 2014) (low latitude), LIMA station in Peru´
(12.089924◦, 282.961460◦)
Two examples of cycle slips are plotted in Figure 3.18 with the SNR of L2 signal (1227.60
MHz). The relationship between each cycle slip and a deep fade is marked. The SNR
measurements were taked at 1Hz, but a deep fade is much faster. So, the deep fades
seen in this picture could be even deeper if sampled at 50Hz. This could explain why the
middle deep fade did not produce a cycle slip.
Figure 3.18: Relationship between deep fades and cycle slips during high scintillation
activity (25 October 2014) (low latitude), LIMA station in Peru´ (12.089924◦, 282.961460◦)
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3.3. High-latitude scintillation assessment on Sodankyla¨,
Finland
High latitude scintillation characteristics have been analysed using data for year 2013 from
a NovAtel receiver (sod1) located near Sodankyla¨, in Finland (latitude 67.3999◦ , longitude
26.6000◦ ).
The following aspects have been studied:
• Influence of local time
• Influence of season
• Influence of geomagnetic activity
• Navigation performances during scintillation activity
3.3.1. Influence of local time
The local time impact on scintillation activity has been studied on section 3.2.1. in Lima
(low latitude scintillation). Analogously, the same statistical study has been performed in
Finland.
The results show that local time has no effect on scintillation activity. Furthermore, it has
been demonstrated that strong phase scintillation is more usual than amplitude scintillation
in high latitudes. These results are shown in Figures 3.19 (amplitude) and 3.20 (phase).
Figure 3.19: Amplitude scintillation hourly probability of occurrence, based on whole 2013
data (high latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
3.3.2. Influence of season
Analogously with section 3.2.2., monthly statistics demonstrate the influence of season in
high latitude scintillation
38 GNSS Navigation Under Ionospheric Scintillation Conditions
Figure 3.20: Phase scintillation hourly probability of occurrence, based on whole 2013
data (high latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
It can be stated that high latitude scintillation does not depend on the occurrence of
equinoxes as happened in section 3.2.2. Figures 3.21 and 3.22 are more uniform dur-
ing the year. Scintillation activity decreased in November and December, but it is more
likely that this reduction is due to other factors such as geomagnetic activity.
Figure 3.21: Amplitude scintillation monthly probability of occurrence, based on whole
2013 data (high latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
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Figure 3.22: Phase scintillation monthly probability of occurrence, based on whole 2013
data (high latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
3.3.3. Influence of geomagnetic activity
The K-index is a geomagnetic activity indicator described in section 1.2.2.4. From this
index, the parameter Ap can be calculated based on data from specific stations in order to
represent the daily mean geomagnetic activity.
Figure 3.23 shows a relationship between the occurrence of phase scintillation and in-
creased geomagnetic activity2 during March 2013. It is clear that every time that the Ap
index increases, also does the occurrence of scintillation.
Figure 3.23: Phase scintillation dependance with geomagnetic activity during March 2013
(high latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
2The geomagnetic activity data used for this study has been downloaded from the public FTP server:
https://ftp.gwdg.de/pub/geophys/kp-ap/
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3.3.4. Assessing refractive scintillation effects on GPS performance
3.3.4.1. Scintillation indexes
Scintillation parameters S4 and σφ (defined in section 1.2.1.1.) are presented as a function
of time. Each point represents a single observation from a single satellite at the specified
time. The horizontal axis represents the hours of day in UTC time.
Figure 3.24 shows the scintillation activity on 17 March 2013. It will be used as a reference
in the following sections in order to know the scintillation activity in a determined time.
This is the typical scenario for high latitude scintillation. S4 values are lower than those
seen in low latitudes, which indicates that few cycle slips occur. Also, note that S4 remains
approximately stable during the day. When the geomagnetic activity increases, phase
scintillation becomes moderate (from 08:00 to 10:00 UTC) or even high (from 15:00 UTC).
Figure 3.24: Scintillation parameters during low scintillation activity (17 March 2013) (high
latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
3.3.4.2. Positioning error using one frequency
The receiver located in Finland has been used with only one frequency (L1) in order to see
the positioning error under scintillation conditions.
Equation 3.4 shows the elevation-dependant pseudorange standard deviation (in meters)
used in the Kalman filter, where σ is the standard deviation and α is the satellite elevation
in degrees. A constant carrier phase measurement standard deviation has been used with
a value of 0.01 meters.
σp = 7+5e−α/20 (3.4)
Figure 3.25 shows a multiplot containing the positioning error using both carrier phase
and code single frequency (L1) and the scintillation activity. During moderate and high
scintillation activity, the positioning error increases up to 8 meters during high activity, and
up to 4 meters during moderate activity.
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Figure 3.25: NEU positioning error using both carrier phase and code and single fre-
quency (L1) for the receiver in Finland (top) and scintillation parameters (bottom) (high
latitude), SOD1 station in Finland (67.3999◦, 26.6000◦)
When using only code navigation, the effects of refractive scintillation don’t seem to affect
significantly to the positioning error. This can be seen in figure 3.26.
Figure 3.26: NEU positioning error using only code and single frequency (L1) for the
receiver in Finland (top) and scintillation parameters (bottom) (high latitude), SOD1 station
in Finland (67.3999◦, 26.6000◦)
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3.3.4.3. Positioning error using two frequencies
Precise Point Positioning (PPP) is used in this section from two different receivers in two
different locations. The obtained RINEX files have been processed using gLAB.
The first one is a NovAtel receiver in Finland and its binary files have been parsed us-
ing the NovParser utility. The second is an IGS receiver located in Sweden and the
RINEX files have been directly downloaded from the IGS FTP server. Equation 3.5 shows
the elevation-dependant pseudorange standard deviation for both receivers used in the
Kalman filter, where σ is the standard deviation and α is the satellite elevation in degrees.
A constant carrier phase measurement standard deviation has been used with a value of
0.01 meters.
σp = 1.4+5e−α/10 (3.5)
The results are shown in Figure 3.27. Until 15h, the navigation is not affected by scintilla-
tion although we can see moderate or even strong phase scintillation. As the scintillation
is refractive, using two frequencies is enough to cancel up to a 99% of ionospheric de-
lay. But from 15h, the geomagnetic activity on Earth greatly increased and scintillation
became very high. At this point, the navigation is degraded even using two frequencies,
with positioning errors above 5 meters.
It is interesting to note that both receivers experimented very similar effects during scintil-
lation activity even though they were on different countries. As high latitude scintillation is
due mainly to geomagnetic activity, huge areas are affected at the same time.
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Figure 3.27: NEU positioning error for the receiver in Finland (top), for the receiver in
Sweden (middle) and scintillation parameters (bottom) (high latitude), SOD1 station in
Finland (67.3999◦, 26.6000◦)
Again, when using only code navigation, the effects of refractive scintillation don’t seem to
affect to the positioning error. This can be seen in figure 3.28.
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Figure 3.28: NEU positioning error using only code and two frequencies (L1 and L2) for
the receiver in Finland (top) and scintillation parameters (bottom) (high latitude), SOD1
station in Finland (67.3999◦, 26.6000◦)
3.3.4.4. Positioning error using GRAPHIC combination
The GRAPHIC combination shown the best results also for a high-latitude scenario. Its
capability to remove the ionospheric error using only one freqency allows navigation with
a positioning error below one meter under refractive scintillation. This fact is depicted
in Figure 3.29 comparing ionosphere-free combination (both L1 and L2) and GRAPHIC
combination (only L1) performances.
(a) Ionosphere-free combination (b) GRAPHIC combination
Figure 3.29: NEU positioning error using both code and phase and two frequencies L1
and L2 ionosphere-free combination (left). NEU positioning error using both code and
phase and only frequency L1 and GRAPHIC combination (right), SOD1 station in Finland
(67.3999◦, 26.6000◦)
CONCLUSIONS AND FURTHER WORK
Ionospheric scintillation is defined as rapid fluctuations on the phase and/or amplitude
of the received signal due to irregularities in the ionospheric free electron density. This
effect affects GNSS systems performances, specifically the accuracy and availability of
the navigation solution.
Conclusions on low latitude scintillation, are summarized in the following points:
• Low latitude scintillation effects are mostly diffractive, scattering the signal in multiple
paths that interfere at the receiver.
• Low latitude scintillation effects occur most frequently near the equinoxes.
• Higher scintillation activity is seen mostly just after the sunset on average (whole
year), specially amplitude scintillation. However, this is clearly visible only near the
equinoxes, when there is much more dispersion among 24h (higher standard devia-
tion of the probabilities of occurrence). In low activity months, scintillation occurrence
is more uniform, and in some cases (May 2014) higher activity occurred mostly at
midday.
• While amplitude scintillation is more frequent, it is generally moderate (0.3 < S4 <
0.6). Phase scintillation has lower probabilities of occurrence, but intense activity
(σφ > 0.6) is as usual as moderate (0.3< σφ < 0.6).
• Using two frequencies is not enough to mitigate scintillation effects in low latitudes
because the main problem is multipath. Pseudorange code measurements are also
affected during high scintillation activity.
• The GRAPHIC combination (L1, C1) is proposed by the author as a robust and feasi-
ble solution to both diffractive and refractive scintillation, maintaining the positioning
error below one meter even with intense amplitude scintillation.
• A large number of cycle slips are experienced during low latitude diffractive scintil-
lation. Results also show that these cycle slips are prone to occur mainly to the L2
signal. These cycle slips are associated with deep fades.
Conclusions on high latitude scintillation are summarized in the following points:
• High latitude scintillation effects are mostly refractive, producing variations on the
density of free electrons at the ionosphere.
• High latitude scintillation effects are not seasonal nor local time dependent. The
main cause is the space weather. When the geomagnetic activity is increased,
phase scintillation increases.
• Intense phase scintillation is more frequent than amplitude scintillation.
• Amplitude scintillation is generally moderate, while intense phase scintillation is as
usual as moderate.
45
46 GNSS Navigation Under Ionospheric Scintillation Conditions
• Using the ionospheric-free combination of two frequencies mitigates scintillation ef-
fects in high latitudes because scintillation is mostly refractive. However, sometimes
the two-frequency navigation becomes degraded if scintillation activity is extremely
high.
• Again, the GRAPHIC combination (L1, C1) showed the best performances, main-
taining the positioning error below one meter.
• As amplitude scintillation is not usual, the occurrence of cycle slips is rather low.
Further work associated to this project would consist on evaluating diffractive scintillation
mitigation techniques, for instance, more robust cycle slips detectors. In addition, it would
be interesting to delve into the advantages and drawbacks of the GRAPHIC combination
as a feasible solution to both diffractive and refractive scintillation.
LIST OF ACRONYMS
ADR Accumulated Doppler Range
AIUB Astronomical Institute of the University of Bern
ANTEX ANTenna EXchange format
APC Antenna Phase Centre
ARNS Aeronautical Radionavigation Service
ARP Antenna Reference Point
ASCII American Standard Code for Information Interchange
BPSK Binary Phase Shift Keying
C/A Coarse/Acquisition
CDDIS Crustal Dynamics Data Information System
CDMA Code Division Multiple Access
COMPASS Compass/Beidou: Big Dipper (constellation) in Chinese. The Chinese GNSS
system
DCB Differential Code Bias
DOP Dilution Of Precision
DOY Day Of Year
ENU East North Up
ESA European Space Agency
ESTEC European Space Research and Technology Centre
gAGE group of Astronomy and GEomatics
GIM Global ionosphere maps
gLAB GNSS-Lab Tool suite
Glonass GLObal NAvigation Satellite System
GNSS Global Navigation Satellite System
GPS Global Positioning System
GSI Geographical Survey Institute
GWDG Go¨ttingen Society for Scientific Data Processing
IGS International GNSS Service
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IONEX IONosphere map EXchange format
ISMR Ionospheric Scintillation Monitoring Receiver
LC Carrier phase ionosphere-free combination
LT Local Time
MONITOR Ionospheric Monitoring Experimentation Plan & Instrument Development
MOPS Minimum Operational Performance Standard
NAV Navigation Message
NEU North East Up
PC Code ionosphere-free combination
PLL Phase Lock Loop
PPP Precise Point Positioning
PRN Pseudo-Random Noise
QPSK Quadrature Phase-Shifted Keying
RINEX Receiver INdependent EXchange format
SCIONAV Improved Modelling of Short and Long Term Characteristics of Ionospheric
Disturbances
SNR Signal to Noise Ratio
SoD Second of the Day
SoL Safety of Life
SPP Standard Point Positioning
STEC Slant Total Electron Content
TEC Total Electron Content
TECU Total Electron Content Unit
TGD Total Group Delay
TOW Time Of Week
UPC Universitat Polite`cnica of Catalunya
UTC Coordinated Universal Time
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